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ABSTRACT 



Aims. We present a study aimed at deriving constraints on star formation at intermediate ages from the evolved stellar populations 
in the dwarf irregular galaxy UKS 2323-326. These observations were also intended to demonstrate the scientific capabilities of the 
multi-conjugated adaptive optics demonstrator (MAD) implemented at the ESO Very Large Telescope as a test-bench of adaptive 
optics (AO) techniques. 

Methods. We perform accurate, deep photometry of the field using J and K s band AO images of the central region of the galaxy. 
Results. The near-infrared (IR) colour-magnitude diagrams clearly show the sequences of asymptotic giant branch (AGB) stars, red 
supergiants, and red giant branch (RGB) stars down to ~1 mag below the RGB tip. Optical-near-IR diagrams, obtained by combining 
our data with Hubble Space Telescope observations, provide the best separation of stars in the various evolutionary stages. The counts 
of AGB stars brighter than the RGB tip allow us to estimate the star formation at intermediate ages. Assuming a Salpeter initial mass 
function, we find that the star formation episode at intermediate ages produced ~ 6 x 10 s M Q of stars in the observed region. 



Key words, galaxies: individual (ugca438, UKS2323-326) ■ 
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1. Introduction 

The study of the resolved stellar populations in external galaxies 
has developed greatly in the last decade to become arguably the 
most accurate tool to investigate star formation history in stel- 
lar systems. However, with standard instrumentation at ground- 
based telescopes this study is limited to the nearest galaxies, due 
to the severe crowding of stars. High-precision photometry for 
the most distant galaxies in the Local Group (LG) and beyond 
can be obtained only with the Hubble Space Telescope (HST). 

New opportunities in this field are foreseen with the reali- 
sation of imagers equipped with adaptive optics (AO), on the 
largest aperture telescopes. The use of AO systems is manda- 
tory for the future larger (> 10m ) telescopes, but it can also 
significantly improve the performances of telescopes already in 
operation. A relevant example is given by the multi-conjugated 
adaptive optics demonstrator (MAD) recently developed by ESO 
(see next section) that allows us to test AO capabilities for stellar 
photometry on the sky. 

In this context, as part of a Guaranteed Time Observations 
program, we obtained MAD near-infrared (IR) images of the 
dwarf irregular galaxy UKS 2323-326 (UGCA438). We chose 
this galaxy from a list of targets selected according to various 
criteria: favourable position on the sky with respect to the avail- 
ability of stars to perform the AO correction; low Galactic lati- 
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* Based on observations collected at the European Southern 
Observatory, Chile, as part of MAD Guaranteed Time Observations, 
on ESO archival observations (Programme 71.D-0560), and on 
NASA/ESA Hubble Space Telescope observations (Proposal ID 8192). 



tude (b = -70°9), to minimise the contamination by foreground 
Galactic stars; location slightly beyond the boundary of the LG, 
so as to maximise the physical area sampled within the 1' field- 
of-view (FoV) while still detecting stars at the tip of the red gi- 
ant branch (TRGB) with an adequate S/N; existence of images 
of the same field in HST and/or ESO archives; and the presence 
of a relatively strong intermediate age component. 

Currently, AO imagers operate only at near-IR wavelengths, 
which are best suited to studying evolved stellar populations, in 
particular, cool stars on the asymptotic giant branch (AGB). This 
evolutionary stage of low and intermediate mass stars is difficult 
to model because of its sensitivity to uncertain input physics, like 
mass loss and convection. However, AGB stars provide a major 
contribution to the integ rated light of galaxies with intermediate- 
age stellar populations dRenzini & Buzzonilll986l) . therefore, it 
is very important to derive information on the productivity of 
these stars. This can be done by analysing the stellar content 
of galaxies with a strong intermediate age compone nt, which is 
the motivation for our near-IR st udy of LG galaxies dHeld et al.l 
120071; iGullieuszik et alj[2007albb . 

Ground-b ased optical p h otome try of UKS 2323-326 was first 
presented by iLee & Bvunl d 1999b . The colour-magnitude dia- 
gram (CMD) exhibits a well-defined RGB, and a number of 
AGB stars. From the TRGB m agnitude and from the colour of 
these stars, lLee& Bvunl (1 19991) derive the distance modulus and 
average metallicity of the galaxy as (m - M)q = 26.59 + 0. 12 and 
[Fe/H]= -1.98. More recently, fro m photometry obtain e d with 
the WFPC2 on board of the HST, iKarachentsev et all d2002l) 
measured / TRGB = 22.72 + 0.12, from which they obtain (m - 
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M) = 26.74+0.15, corresponding to 2.23+0.15 Mpc Thus, this 
galaxy is likely a member of the Sculptor Group. Since the HST 
photom etry is more accurate and since the distance determina- 
tion by iKarachentsev et ail ((2002) is based on a more modern 
calibra tion, in this paper, we will adopt the IKarachentsev et ail 
J2002I) value. This implies that the absolute magnitude of the 
galaxy is M v = -13.24. Although UKS 2323-326 contains 
a young stella r component , there is no eviden ce of significant 
H II emission (iMilleril 19961: iKaisin et al.ll2007h . which suggests 
a very low rate of ongoing star formation. No mid-infrared emis- 
sion from hot dust nor polycyclic aromatic hydrocarbon is de- 
tected at 8 fxm djackson et al.ll2006l) but it is embedded in a neu- 
tral h ydrogen cloud tha t asymmetrically covers the whole galaxy 
(e.g jBuvle et al.ll2006l) . The H I mass is ~ 6 x 10 6 M o , while for 
CO emission only an up per limit on the mo lecular gas mass of 
1.4 x 1O 5 M is available dBuyle et al.ll2006l ans refs. therein). 

2. The data 

2.1. MAD observations 

MAD is a project dMarchetti et al.l [2007) mainly developed 
by ESO to test the multi-conjugated adaptive optics (MCAO) 
capabilities on the sky in the framework of the design of 
the European Extremely Large Telescope (ELT). MAD was 
mounted on the UT-3 of the Very Large Tele scope (VLT) to re - 
alise the first MCAO observation on the sky dBouv et al.ll2008l) . 
The instrument accommodates two wavefront sensors (WFS): a 
star-oriented multi-Shack-Hartmann and a laye r-oriented (LO, 
IRagazzoni et al.ll2000t IVernet-Viard et al.1l2005l) multi -pyramid 
dRagazzonill 1 996b . Both WFS use reference stars on a 2' tech- 
nical FoV. MAD is complemented with the CAMCAO scientific 
IR camera, with a2kx2k Hawaii 11 IR detector that can be moved 
across the 2' corrected circular FoV. The pixel scale is 07028 
pixeL 1 , yielding a 57" x 57" square FoV on the detector. 

We took observations of UKS 2323-326 on Sept. 27, 2007 
with the LO wavefront sensor option, with the aim of testing 
single pyramid AO observations in the bright-end regime. The 
reference star has y» 11.5 and is located at ~ 24" from the cen- 
tre of the FoV. This is t he very first pyramid WFS A O-assisted 
science observation (see IRagazzoni & Farinatoll 19991 for a dis- 
cussion of the advantages of this technique) on an 8m-class tele- 
scope. Results from other observations with full multi-pyramid 
MCAO capabilities will be presented elsewhere. 

Our data set consists of 21 J frames and 15 K s frames cen- 
tred on UKS 2323-326, at a(J2000)= 23 /l 26'"27'\ c5(J2000)= 
-32°23'16". The total integration time is 37 and 30 min in J 
and K s band, respectively. 

2.2. Reduction and photometric calibration 

We calibrated our near-IR photometry by comparing 
stars in common wi th the 2MASS point-source catalogue 
dSkrutskie et al.l 120061) and by using J and K s archive images 
obtained with the Son of ISAAC (SOFI) camera mounted at the 
ESO New Technology Telescope (NTT) to define secondary 
photometric standards. 

We reduced both SOFI and MAD raw ima ges following the 
standar d procedure for IR data, as described bv lGullieuszik et all 
d2007al) . We paid careful attention to image alignment, allowing 
a correction for possible field rotation. We limited the area used 
in the final analysis to a 45" x 45" region because of stray light 
affecting one edge of the MAD images. From the integrat ion 
of the R-bwA surface brightness profile dLee & Bvunll 1999b of 



the galaxy, we estimate that the luminosity fraction observed is 
-36%. 

The point spread function (PSF) of stellar objects on the 
combined MAD images is fairly uniform across the whole 
frame, with deviations of < 10% of the full width at half max- 
imum (FWHM). The mean FWHM measured on the / an K s 
images is, respectively, 0715 and (X'll. This is a good result, 
considering that the seeing was 0752 and 0742 in J and K s , re- 
spectively (estimated from the ESO DIMM Monitor measure- 
ments in the V band) and that the diffraction limit for the VLT is 
0704 for the J band and 0707 for the K s band. The Strehl ratio 
measured on the / and K s frames is 7.6% and 21.4%, respec- 
tively. The ellipticity of stellar images is small (9% and 10% in 
J and K s ), with an r.m.s. variation < 5% over the whole FoV. 

We performed stellar photometry on MAD and SOF I images 
using DAOPHOT/ALLSTAR programs (IStetsonll 1987b . adopt- 
ing a Penny model for the PSF, with a quadratic dependence 
on the position on the frame. The astrometric and photomet- 
ric ca libration of the SO FI data was obtai ned using the USNO- 
A2.0 dMonetetal.ll 19981) and the 2MASS dSkrutskie et al.ll2006l) 
databases. We then used the resulting catalogue as a reference 
for the astrometric and photometric calibration of MAD frames. 
Considering the uncertainty of our two-steps calibration, the fi- 
nal error on the zero-point of MAD photometry resulted 0. 15 
mag. 

Finally, the near-IR data were complemen ted with optical 
WFPC2/HST data from iHoltzman et al.1 (120061) . This allows us 
to test the spatial resolution of MAD images, as well as take ad- 
vantage of a wide colour baseline to study the stellar population. 

Figure Q] compares the 3 images from SOFI, MAD, and 
WFPC2 for the same region in UKS 2323-326. The improve- 
ment in resolution between MAD and SOFI image is clearly ap- 
parent. This implies a significantly better photometry of faint ob- 
jects and, in particular, the possibility of obtaining accurate pho- 
tometry for faint stars that are embedded in the halo of brighter 
stars. 

In order to evaluate the completeness and photometric errors 
of our catalogue, we performed an extensive set of 160 artificial 
star experiments using ~1000 stars for each run. Input magni- 
tudes were randomly generated to reproduce an uniform distri- 
bution over the colour and magnitude range of real stars in our 
image (0 < J - K s < 2 and 15 < K s < 22.5). We found that our 
photometry is complete at the 50% level down to Ks — 20.7. At 
this magnitude level, the photometric error is ~ 0.1 mag in the 
K s band, and a factor of 2 lower in the J band. These results are 
illustrated in Fig. [2] 

3. The evolved stellar populations of UKS 2323-326 

The CMD of UKS 2323-326 obtained from MAD images is 
shown in Fig. [2] and compared to that obtained from SOFI data 
in the same FoV. The MAD CMD is about 1 magnitude deeper; 
more importantly, the photometric accuracy is higher, leading to 
a much better definition of the sequences on the CMD. This is 
mostly due to the higher spatial resolution of MAD, which al- 
lows us to resolve stars that are blended on SOFI images. 

The red tail of bright stars in the MAD CMD, extending up 
to / - Ks - 1.8 and K s =s 18.5, is consistent with the locus 
of carbon-rich AGB star s ( c.f. other recent near- IR studies, e.g., 
iGullieuszik et al.ll2007aHbT: iMenzies et al.ll2008l) . It is tempting 
to locate the TRGB at K s =* 20.5, where a discontinuity is ap- 
parent in the stellar magnitude distribution. However, a formal 
measurement of the TRGB from the luminosity function can- 
not be derived because of the incompleteness of our photometry 
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Fig. 1. SOFI, MAD and WFPC2 images of the same region in UKS 2323-326. Only a section of the full area analysed in our study 
is shown to better illustrate the details. The two circles highlight the effect of the higher spatial resolution of MAD versus SOFI. 



at these magnitudes. Since the distance modulus is known from 
optical observations, we can estimate the expected level of the 
TRGB: according to IValenti et alJ d2004h calibration, the abso- 
lute K s magnitude of the TRGB depends on metallicity, being 
-5.82, -6.11, and -6.40 for [Fe/H] = -2,-1. 5, and -1, re- 
spect ively. Assuming a reddening Eb-v = 0.015 (ISchlegel et alJ 
[1991) . we get K] RGB = 20.93, 20.64, and 20.35, as the metal- 
licity increases. These three values are in dicated with arrows 
in Fig. [2j for the metallicity determined bv lLee & Bvunl d 19991) 
([Fe/H] =i -2) the TRGB should be close to the limit of our 
photometry. The lLee & Bvunl d 19991) determination is based on a 
rel atively shallow CMP. C omparing the deeper (V, I) HST CMD 
bv lHoltzman et alJ d2006l) to the fiducial lines of Galactic globu- 
lar clusters bv lDa Costa & Armandroffldl990l) . we obtain a mean 
metallicity [Fe/H] —1.7 for the RGB stars in this galaxy. This 
has to be regarded as a lower limit, since the bulk of UKS 2323- 
326 stellar populatio n is younger than G alactic globular clus- 
ters. As an example, ISaviane et alJ d2000t) estimated that for a 
~ 5 Gyr stellar population, the age correction to be applied to 
the metallicity obtained with our method is +0.4 dex. The lo- 
cation of the TRGB would then come close to the discontinu- 
ity of the star's distribution mentioned above. In the following, 
we adopt [Fe/H] = -1.5, which yields a TRGB magnitude of 
K s = 20.65; we verified that this metallicity is compatible with 
the mean V - K s colour of the RGB in UKS 2323-326. 

Figure [3] shows the V — K s vs K s CMD obtained by com- 
bining the HST and MAD photometry. This colour combination 
is particularly well suited to distinguish the different evolution- 
ary sequences. The contamination by foreground stars in our 
fields is negligible. In fact, using simulations of th e Milky Way 
popul ation performed with the TRILEGAL code dGirardi et alJ 
120051) . we expect only three foreground stars in the magnitude 
and colour range of our CMD. Guided by the optical CMD, 
on this figure we draw the lines bordering the areas occupied by 
blue supergiants, red supergiants, AGB, and RGB stars. The blue 
and red supergiants are core Helium burning stars with masses 
down to ~ 5M G , resulting from the star formation activity oc- 
curred over the last ~ 100 Myr. The main-sequence progenitors 
of this young populat ion are sampled in the optical CMD by 
iHoltzman et al.l d2006l) . in which the blue plume contains stars 
with ages from = 80 to 10 Myr old. A quantitative inter- 
pretation of this component needs detailed simulations that take 
into account photometric errors and completeness of the HST 
data. Here we concentrate on the intermediate age component 
for which the near-IR CMD offers a better diagnostic than the 
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Fig. 2. CMD obtained from MAD data (left) and from SOFI data 
(right) for the same FoV. In the left panel, the completeness lev- 
els (dashed lines) and photometric errors (crosses) from artificial 
star experiments are shown. The expected location of the TRGB 
is indicated with arrows for [Fe/H] = -1.0, -1.5, and -2.0 (top 
to bottom). Stars used as secondary photometric standards are 
shown as triangles. 



optical diagram. The bright portion of the red sequence, extend- 
ing from K s =i 20.1 up to K s = 18.5 and with very red colours 
(up to V - K s = 6.5) hosts bright AGB, mostly carbon (C) 
stars, while below the TRGB (at K s = 20.65) we sample the 
oldest stars. The stars in the intermediate region (open squares, 
20.65 > K s > 20.1) are probably AGB stars, but some of them 
could actually be high-metallicity RGB stars. The uncertainty 
stems from the dependence of the TRGB Ks -magnitude on the 
metallicity discussed above, and on these stars being located (on 
the optical CMD) just below the TRGB in the / band. 

Our observations can be used to derive a rough estimate of 
the star formation that occurred in UKS 2323-326 at intermedi- 
ate ages by considering the number of AGB stars brighter than 
the TRGB, which is proportional to the gas mass converte d into 
stars between ~ 0.1 and a few Gyrs (e.g., Greggio 2002). The 
specific production of bright AGB stars (i.e., 5«AGB,b, the num- 
ber of stars per unit mass of the parent stellar population that 
fall in this region of the CMD) depends on age and metallicity. 
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Fig. 3. Combined optical-near-IR MAD CMD of UKS 2323- 
326. We used this CMD to select blue supergiants (starred sym- 
bols), red supergiants (triangles), RGB (squares), and AGB stars 
(filled circles). Open squares are the stars with an uncertain clas- 
sification, but likely E-AGB stars (see text for details). The three 
stars marked by open circles have peculiar colours and are pos- 
sibly photometric blends. 



We have determined <5«AGB,b as a function of age, for a sample 
of globular clusters in the Large Magellanic Cloud for which 
near-IR CMDs, ages, and total luminosities are known from 
the literature. From these, we found that it reaches a maximum 
(~ 2 x lO^M" 1 ) at ages ~ 1 Gyr, to drop significantly at older 
ages, down to ~ 3 x IO^Mq 1 at ~ 3 Gyr (close to the limit of 
our calibration). The stellar distribution in our CMD is sugges- 
tive of an extended episode of star formation; by averaging our 
empirical calibration, we obtain a specific production of 0.15 or 
0.08 stars per 10 3 M o , if this episode started 1.5 or 3 Gyr ago, 
respectively. Since we count 59 objects on the red sequence at 
magnitudes brighter than the TRGB, we bracket the stellar mass 
produced at intermediate ages in the range between 4 and 7.5 
xl0 5 M Q . We note that these estimates a re based on a st raight 
Salpeter initial mass function (IMF). If a IChabrierl d2005l) IMF 
were assumed, the masses would be ~ 0.65 times smaller. 

Using the classification obtained from the (V, K s ) CMD, we 
construct the (J, K s ) diagram to see how the various sequences 
can be identified when only IR data are available (see Fig. 3J. 
Although the sequences here are less well traced, the various 
evolutionary stages are relatively well separated. In particular, 
this CMD shows that all stars in the red tail are located in the 
position expected for C-stars, since they are compatible with 
the main locus of C-stars in nearby dwarf galaxies defined by 
iTotten et all (|2000|) . These results confirm that near-IR CMDs 
are a very powerful tool to clearly d etect C-stars, as indicated by 
our previous studies of LG galaxies dGullieuszik et al.l2007alfbh . 

To summarise our work, we obtained a complete and ac- 
curate census of the bright evolved stellar population (red su- 
pergiants and AGB stars) in UKS 2323-326, a dwarf irregular 
galaxy at a distance of 2.23 Mpc. We have shown that with near- 
IR AO images at 8m class telescopes it is possible to investigate 



Fig. 4. The near-IR CMD of UKS 2323-326. The different sym- 
bols refer to the selection presented in Fig. [3] The solid line is 
the main locus of C-star in nearby dwarf galaxies defined by 
ITotten et al.l(l2000l) shifted to the adopted distance of UKS 2323- 
326. 

the SFH in galaxies well beyond the LG. Considering the tech- 
nical limitation of the demonstrator, we believe that these re- 
sults forecast very promising opportunities for this kind of stud- 
ies with advanced AO at ELT. 

References 

Bouy, H., Kolb, J., Marchetti, E., et al. 2008, A&A, 477, 681 
Buyle, P., Michielsen, D., de Rijcke, S., Ott, J„ & Dejonghe, H. 2006, MNRAS, 
373, 793 

Chabrier, G. 2005, in ASSL, Vol. 327, The Initial Mass Function 50 Years Later, 

ed. E. Corbelli, F. Palla, & H. Zinnecker, 41 
Da Costa, G. & Armandroff, T. 1990, AJ, 100, 162 

Girardi, L., Groenewegen, M. A. T., Hatziminaoglou, E., & da Costa, L. 2005, 
A&A, 436, 895 

Greggio, L. 2002, in ASP Conf. Ser., Vol. 274, Observed HR Diagrams and 

Stellar Evolution, ed. T. Lejeune & J. Fernandes, 444 
Gullieuszik, M., Held, E. V., Rizzi, L., et al. 2007a, A&A, 467, 1025 
Gullieuszik, M., Rejkuba, M., Cioni, M. R., Habing, H. J., & Held, E. V. 2007b, 

A&A, 475, 467 

Held, E. V, Gullieuszik, M., Rizzi, L., et al. 2007, in ASPC Series, Vol. 374, 
From Stars to Galaxies: Building the Pieces to Build Up the Universe, ed. 
A. Vallenari, R. Tantalo, L. Portinari, & A. Moretti, 261 
Holtzman, J. A., Afonso, C, & Dolphin, A. 2006, ApJS, 166, 534 
Jackson, D. C, Cannon, J. M., Skillman, E. D., et al. 2006, ApJ, 646, 192 
Kaisin, S. S., Kasparova, A. V., Knyazev, A. Y., & Karachentsev, I. D. 2007, 

Astronomy Letters, 33, 283 
Karachentsev, I. D., Sharina, M. E., Makarov, D. I., et al. 2002, A&A, 389, 812 
Lee, M. G. & Byun, Y.-I. 1999, AJ, 118, 817 

Marchetti, E., Brast, R., Delabre, B., et al. 2007, The Messenger, 129, 8 

Menzies, J., Feast, M., Whitelock, P., et al. 2008, MNRAS, 385, 1045 

Miller, B. W. 1996, AJ, 112, 991 

Monet et al. 1998, VizieR Online Data Catalog, 1/252 

Ragazzoni, R. 1996, Journal of Modern Optics, 43, 289 

Ragazzoni, R. & Farinato, J. 1999, A&A, 350, L23 

Ragazzoni, R., Farinato, J., & Marchetti, E. 2000, in Proc. SPIE, Vol. 4007, 
Adaptive Optical Systems Technology, ed. P. L. Wizinowich, 1076 

Renzini, A. & Buzzoni, A. 1986, in ASSL Vol. 122: Spectral Evolution of 
Galaxies, ed. C. Chiosi & A. Renzini, 195 

Saviane, I., Held, E. V, & Bertelli, G. 2000, A&A, 355, 56 

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525 



M. Gullieuszik et al.: Resolving Stellar Populations outside the Local Group: MAD observations of UKS 2323-326 



5 



Skrutskie, M. R, Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163 
Stetson, P. B. 1987, PASP, 99, 191 

Totten, E. J., Irwin, M. J.. & Whitelock, P. A. 2000, MNRAS, 314, 630 
Valenti, E., Ferraro, F. R., & Origlia, L. 2004, MNRAS, 354, 815 
Vernet-Viard, E., Arcidiacono, C, Bagnara, P., et al. 2005, Optical Engineering, 
44, 6601 



